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Abstract
Age-related macular degeneration (AMD) is the leading cause of blindness beyond the age of
50 years. The most common pathogenic mechanism that leads to AMD is choroidal neovascular-
ization (CNV). CNV is produced by accumulation of residual material caused by aging of retinal
pigment epithelium cells (RPE). The RPE is a phagocytic system that is essential for renewal of
photoreceptors (rods and cones). With time, incompletely degraded membrane material builds
up in the form of lipofuscin. Lipofuscin is made of free-radical-damaged protein and fat, which
forms not only in AMD, but also Alzheimer disease and Parkinson disease. The study of lipo-
fuscin formation and growth is important, because of their association with cellular aging. We
introduce a model of non-equilibrium cluster growth and aggregation that we have developed for
studying the formation and growth of lipofuscin in the aging RPE. Our results agree with a linear
growth of the number of lipofuscin granules with age. We apply the dynamic scaling approach to
our model and ﬁnd excellent data collapse for the cluster size distribution. An unusual feature of
our model is that while small particles are removed from the RPE the larger ones become ﬁxed
and grow by aggregation.
Keywords: Computer simulation, Dynamic Scaling, Cluster size distribution, Age-related
macular degeneration, Lipofuscin, Retina pigment epithelium, Choroidal neovascularization
1. Introduction
Age-related macular disease (AMD) is now the leading cause of severe visual loss in all in-
dustrialized countries [1, 2, 3, 4]. Severe visual loss results from choroidal neovascularization
(CNV), pigment ephitelial detachment or geographic atrophy of the retinal pigment epithelium
(RPE). Early manifestations of AMD precede these advanced stages of the disease. There is no
treatment currently available to prevent or halt the progression of the disease. As populations age,
the prevalence of AMD will increase and its signiﬁcance will grow, unless eﬀective interventions
are developed. Intervention strategies will depend on an understanding of the early stages of the
disease. Excessive accumulation of product residual bodies of incompletely degraded material in
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Figure 1: Schematic illustration of the retinal pigment epithelium (RPE) and Bruch’s membrane (MB) histopathology
associated with various macular degenerative processes. The photoreceptors, composed of inner segments (IS) outer
(OS), abut the RPE which is separated by the BM from the vascular choroid (CH). (a) The RPE with lipofuscin accu-
mulation (black circles). (b) A drusen sandwiched between the RPE and BM with adjacent geographic RPE atrophy and
loss of overlying photoreceptors. (c) Choroidal neovascularizationis the growth of new blood vessels in the choroid that
penetrate the BM and the RPE .
RPE cells known as lipofuscin may precede the development of geographic atrophy and photore-
ceptor degeneration (see Fig. 1(b)) [5, 6, 7, 8]. It is important, therefore, to study the formation
and growth of lipofuscin as an indicator of cellular aging. Each photoreceptor has an inner and
outer segment (OS) with disks stacked like a roll of coins. The disks are necessary for the conver-
sion of light into electrical potentials and the spent disks are shed from their outer segments and
degraded within the retinal pigment epithelium (RPE) located under the photoreceptors. How-
ever, with time, incompletely degraded membrane material builds up in the form of lipofuscin
(see Fig. 1(a)). Lipofuscin is a yellowish pigment, made of free-radical-damaged protein and fat.
It builds up normally with age or pathologically in certain conditions such as AMD, Alzheimer
disease, and Parkinson disease. The residual material in lipofuscin can be deposited in Bruch’s
membrane contributing to drusen formation and Bruch’s membrane thickening [9, 10]. More-
over, RPE containing lipofuscin associated with drusen have been observed providing evidence
that they probably contribute to drusen volume and formation [11]. In this work we consider
lipofuscin accumulation in diseased RPE cells and the contribution of spent OS membranes to
formation of drusen as an aggregation-deposition process.
The formation of clusters by non-equilibrium growth processes is present in a wide variety
of systems of interest in science and technology, such as colloids and aerosols [12, 13], gels
[13, 14], inorganic thin ﬁlms [15, 16, 17], organic thin ﬁlms [18, 19, 20], growing crystals [21],
galactic structures [22], granular ﬂow [23] and cell colonies [24, 25, 26]. The pattern forming
dynamical processes can vary substantially from system to system. The richness of clustering
phenomena has resulted in the development of many models describing diﬀerent growth dy-
namics. Moreover, the non-traditional application of growth dynamical models to problems of
interdisciplinary nature has been growing steadily in recent years. In this context, we study the
kinetics of lipofuscin growth in dysfunctional RPE cells (i.e. cells with incomplete digestion of
internalized OS disks).
The outline of this paper is as follows. We provide a short description of CNV in section 2.
CNV is characterized by extracellular deposits (i.e. drusen) accumulating in the inner aspects
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of Bruch’s membrane [27]. The relationship between the aggregation of lipofuscin and drusen
formation is described in section 3. The model of lipofuscin accumulation and deposition is
presented in section 4. In section 5, an estimation of parameters of the model comparing them
with experimental data is presented. The scaling description for the aggregation process is given
in section 6. In section 7, relationships the exponents are obtained from the scaling theory. In
section 8 we present an approximate form for the cluster size distribution that agrees well with
our data. We also show in section 8 that our results for the size distribution collapse into a single
universal scaling function using the dynamic scaling approach. Finally, in section 9 we give a
brief discussion of our results.
2. Choroidal Neovascularization
The retinal pigment epithelium (RPE) is the pigmented cell layer just outside the retina that
nourishes retinal visual cells and it is ﬁrmly attached to the underlying choroid and overlying
retina. The RPE serves the photoreceptors (rods and cones) in several distinct ways: it partici-
pates in the absorption of light passing through the retina, the regeneration of visual pigments,
the formation of the outer blood-ocular barrier, the upkeep of subretinal space including ﬂuid
and electrolyte balance, the maintenance of the choriocapillaris, the formation of scar tissue and
phagocytosis of spent outer segment disks [28]. It is estimated that during a 70-year lifetime
each RPE cell will phagocytize 3 billion outer segment disks [29, 30].
Lipofuscin is not an inert ﬁller material, its components are photoreactives and can induce
apoptosis of the RPE [31, 32, 33]. In older individuals, up to 25 % of the free cytoplasmic space
of RPE cells may be occupied by lipofuscin [34]. Excessive accumulation of Lipofuscin leads to
cell loss and there is an age-related loss in RPE cells, particularly in the fovea and midperiphery.
Aging of Bruch’s membrane and the RPE, i.e. the accumulation of waste material, is thought to
lead to decreased metabolic function, altered passage of growth factors through the membrane,
and increased fragmentation of Bruch’s membrane, all leading to the possibility of the growth
of new blood vessels from preexisting vessels that originate from the choroid through breaks in
Bruch’s membrane (see Fig. 1(c)) [35]. This disorder is known as choroidal neovascularization
(CNV). The mechanisms of CNV are not completely understood. Virtually any pathologic pro-
cess that involves the RPE and damages the Bruch’s membrane may be involved in the growth
of CNV.
3. Aggregation of lipofuscin and drusen formation by deposition
The retina is the most oxygen-consuming tissue in the body, with a consumption level ∼ 50%
higher than the brain or kidneys [36]. Most of this oxygen consumption occurs in photorecep-
tors and this vascular arrangement exposes, at least on a timescale of decades, the RPE and the
outer segments to an oxygen concentration roughly equivalent to that found in arterial blood
[37]. This results in the accumulation of oxidative and photo-oxidative damage. As discussed in
the introduction, photoreceptors continuously renew their OS by shedding disks in RPE. Daily
phagocytosis and processing of shed photoreceptor OS places a heavy metabolic burden on the
underlying RPE cells. The disks fuse with lysosomes of RPE cells, forming phagolysosomes.
Over time, the contents of phagolysosomes are incompletely degraded and form autoﬂuores-
cent lipid-protein aggregates called lipofuscin [38]. A major ﬂuorophore of RPE lipofuscin is
a hydrophobic quaternary amine called A2E [31]. Lipofuscin contains a signiﬁcant quantity of
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Figure 2: The RPE cell and the growth of lipofuscin are shown in the left part of the ﬁgure: Outer segment disks enter
the cell with probability  per unit of time t. The smallest clusters diﬀuse and can go through the cell membrane with
probability Pm or stick to a cluster with probability Pa. The ﬁgure on the right shows a drusen of radius rD = 50 μm
drawn to scale with respect to an RPE cell.
retinoids, including the ﬂuorophore A2E, a pyridinium bisretinoid, which likely leads to pho-
toxidation, RPE cell damage and inﬂammation [39]. When A2E reaches a critical concentration
it delays the metabolism of phagocytosed OS lipids by the RPE [40]. Thus, it is possible that
phagocytosed and oxidized OS membranes are extruded by the RPE into Bruch’s membrane and
may stimulate drusen formation [9, 10]. This progressive lipid and cholesterol accumulation in
Bruch’s membrane beneath the RPE has been identiﬁed as a contributing factor to AMD. The
formation of drusen from deposits in the membrane is still under investigation [41, 42, 43]. Be-
sides phagocytosed and oxidized OS of the photoreceptors, other drusen components derived of
the choroidal circulation have been identiﬁed [10, 44, 45]. The extracellular deposits in Bruch’s
membrane, called basal linear and laminar deposits, instigate chronic local inﬂammation and
may induce invasion by choroidal dendritic cells, which act as phagocytes and immune cells
[11, 46]. It is believed that RPE debris and dendritic cell-derived material may accumulate in the
sub-RPE space forming the core of a drusen [11]. Then, the drusen grows by deposition around
the core.
In this work, we focus on the study of lipofuscin formation in diseased RPE cells and the
deposition of phagocytosed and oxidized OS membranes in Bruch’s membrane. As we shall see
in more detail in the next section, a remarkable feature of the aggregation of residual material
is that clusters larger than a certain size do not diﬀuse in the cytoplasm [47, 48], while the
smaller clusters diﬀuse with a size-dependent diﬀusion constant associated with diﬀusion in a
non-Newtonian ﬂuid like the cytoplasm. Stationary clusters grow by aggregation.
4. Model
In our model we consider a cross section of an RPE cell (see Fig. 2) on a square lattice of
L × L sites. The cell nucleus has not been considered because in mammalian cells it occupies
around 10% of the total volume [49]. Particles representing lipoproteins, lipids peroxides and
their metabolites enter from the top edge of the cell into the cytoplasm and move along Brownian
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trajectories, and either contribute to the formation and growth of lipofuscin or leave the cell and
are deposited in the Bruch’s membrane (at the bottom of the cell). The geometry of our model is
shown in Fig. 1. Simulations starts with an empty lattice and the following processes take place:
(a) A particle enters from the top edge of the lattice occupying an empty upper site chosen at
random, with probability  per unit of time t.
(b) A particle in the lattice can move in a random direction by one diameter, that is deﬁned as
one lattice spacing l =
√
s0, where s0 is the area of the particle. The characteristic time between
diﬀusion steps is equal to 2s0/Dcyto, where Dcyto is the diﬀusion coeﬃcient of the particle in the
cytoplasm. The diameter of the lipoprotein-like particles that accumulate with age in Bruch’s
membrane in the normal eye is between 23 and 150 nm approximately [50]. We choose s0 =
402 nm2 and the diﬀusion coeﬃcient Dcyto = 1.13 × 106 nm2/sec [48]. Given that the medium
characteristic length of a human RPE cell is 20 μm, then the size of the lattice is L×L = 500×500
sites.
(c) When two particles touch, they stick with probability Pa to form a new compact particle
with mass conservation. The size of the new particle will be s = s0i, where i is the number of
particles of size s0 forming it (in the lattice, the new particle will occupy a square of side equal
to integer part of
√
i).
(d) If, as a consequence of diﬀusion a particle arrives at the bottom of the cell, it can go
through the cell membrane with probability Pm. Thus, the particles can be deposited in the
Bruch’s membrane and contribute to the formation of drusen [9, 10].
Figure 3: The snap shot of a 200 × 200 sites section of a 500 × 500 sites simulation is shown at the instant when the
mean cluster size S (t) has reached a value of (a) 50.8 and (b) 220.0. Note that the average number and the size of clusters
increase with time. Figures (c) and (d) are the same as (a) and (b), respectively, but the system size is rescaled to 30S 1/2,
to visually demonstrate the dynamic scaling concept. While the two rescaled ﬁgures do not have the same number of
clusters, the cluster size distribution appears to be self-similar. In the simulations shown,  = 10−2 sec−1, Pa = 10−4 and
Pm = 10−3.
According to the above described processes, the model has three parameters: the quantity of
spent outer segment disks of size s0 entering the cell per unit of time , the sticking or aggregation
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Figure 4: Comparison of model predictions (open symbols) to experimental data (solid symbols) measuring the total
number of granules of lipofuscion N in eyes with early ARMD [55]. The model results were obtained using  = 10−3,
Pa = 10−6 and Pm = 4 × 10−3 and averaging over 4 samples. The inset shows a log-log plot of the data. The solid line
represents the best least-squares ﬁt to the data with a slope of 1.0. The data shows that N grows linearly with time.
probability Pa of residual material, and the probability Pm of the smallest particles crossing the
cell membrane. Figures 3(a) and 3(b) show two stages of cluster growth in the cell obtained
from a simulation with  = 10−2 sec−1, Pa = 10−4 and Pm = 10−3. The average number and
size of clusters increase with time and the clusters form compact squares (see item (c) above)
representing lipofuscin aggregates with lenghts between 0.2 − 1 μm [51]. Usually in modiﬁed
cluster-cluster aggregation models [52, 53, 54] a far-from-equilibrium steady-state is reached
because larger clusters are removed. In our model, larger clusters continue to grow while the
smallest particles can be removed from the cell by passing through the cell membrane, and
therefore a steady distribution of clusters is never reached. The quantity of removed material is
not shown in Figure 3.
5. Estimation of parameters of the model
The values of the parameters of the model are not unknown. Nevertheless, it is possible to
estimate them using the available data. For example, we can estimate the value of  based on
the fact that during a 70-year lifetime each RPE cell will phagocytize 3 billion outer segment
disks [29, 30]. Thereby, the frequency with which disks enter the cell would be of the order of
10−3 − 10−2 sec−1. The contribution to drusen formation due to spent OS disks is unknown. In
Fig. 2 a typical drusen of rD = 50 μm is drawn to scale with respect to an RPE cell. The quantity
of material deposited for the formation of a drusen is greater that the quantity of material that can
contain a RPE cell. Then, the deposition probability Pm is expected to be greater than the sticking
probability Pa. In order to estimate the values of these probabilies we compare the total number
of clusters N with the number of lipofuscin granules in aging eyes (with early ARMD) obtained
using electron microscopy [55]. A good agreement between trends of measured data and model
results can be achieved, with parameter values  = 10−3, Pa = 10−6 and Pm = 4 × 10−3 as
shown in Fig. 4. In fact, the comparison is between experimental data and the 2d model results.
Nevertheless, since the growth law depends on the parameters, we expect that the simulation
results of the model in 3d to behave similarly. On the other hand, it is particularly interesting
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Figure 5: Mean cluster size S versus t, using the same parameter values Pm, Pa and  as in Fig. 4 (see caption). S
behaives as tz, with z = 2.30, for large time (this is the value of the slope of dashed straight line). The exponent z
obtained from simulations using diﬀerent parameter values are tabulated in Table 1.
that a linear behavior of both, measured data and model results is obtained for t < 70 years. The
faster increase obseved experimentally at ages older than seventy is a consecuence of notorious
lessening of outer segements degradation in the cells and this process could be reproduced by
our model using a time dependent rate of entering residual material, (t). The ﬁnal decrease is
likely due to the removal of atrophic RPE cells, those with larger N. This eﬀect of N decreasing
may also be associated with the lipofuscin extrusion by the RPE into Bruch’s membrane. Similar
experimental results have been obtained by spectrophotometric measurements [56].
The mean cluster size deﬁned by S =
∑
s2ns/
∑
sns is shown in Fig. 5 as a function of time,
for the same values of the parameters used in Fig. 4. The diameters obtained using simulations
are between S 1/2 = 0.5 and 0.8 μm, for ages around 70 years. This estimate agrees well with the
mean diameters of lipofuscin granules distributed in cytoplasm of the RPE cells in aged adults
with early ARMD [55].
Finally, Fig. 6 shows the growth of the area occupied by lipofuscin inside a RPE cell as a
function of time, for the same values of parameters used in the two previous ﬁgures. This area
is less than 1% of the total area of the RPE cell because most of the residual material entering
is deposited in the Bruch membrane contributing to the drusen formation and the membrane
thickening [9, 10].
The problem of nucleation and growth of drusen is beyond the scope of the present work.
6. Dynamic Scaling of the Cluster Size Distribution
The dynamic scaling theory, which was originally proposed [57] for dealing with the tempo-
ral evolution of the cluster size distribution in aggregation processes, is a general approach that
has been applied to a wide range of kinetic phenomena, from colloidal aggregation [57], to thin
ﬁlm growth [58, 59, 60]. The basic assertion in the dynamic scaling approach is that since the
mean cluster size S is the only characteristic size in the system, then the cluster size distribution
is invariant under the transformation s→ s/S . In particular, if the number of clusters of size s at
time t is ns(t), then the scaling assumption implies that,
ns ∼ ξ s−θ f (s/S (t)) , (1)
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Figure 6: The fraction of the RPE cell occupied by lipofuscin grows with time. The open symbols are the data from
simulations with the same parameter values as in Fig. 4 (see caption). Less than 1% of the total area of the RPE cell is
occupied by the residual material entering the RPE cell with early AMD, for t < 70 years. In the asymptotic limit, the
total quantity of material that remains in the cell grows as tα with α = 3.30 (slope of the straight dashed-line).
where the mean cluster size is assumed to grow with time as S ∼ (t)z. The form of the scaling
function f (x) is universal for a speciﬁc system. Our results show (see section 8) that f (x) ∼
constant, for x  1 and f (x)→ 0 exponentially, for x  1.
A qualitative visual illustration of the dynamic scaling concept is provided by ﬁgures 3(c)
and 3(d) in which the lengths have been rescaled so that the system size in both ﬁgures is equal
to 30S 1/2, where S is the mean cluster size. The rescaled ﬁgures show that while the total number
of clusters in each ﬁgure may be diﬀerent, the actual size distribution is self-similar. A detailed
comparison of our results with the dynamic scaling form (1) is given in section (8).
7. Exponents
The total mass ρ of the material that enter an RPE cell and form lipofuscin aggregates is equal
to
∑
sns. Using the scaling form (1) in the deﬁnition of ρ, we can write:
ρ =
∑
sns ∼
∫
dss1−θξ f (s/S (t))
∼ ξS 2−θ ∫ dxx1−θ f (x) ∼ ξ(t)z(2−θ) . (2)
If Pm = 0, all particles entering remain inside the cell and the total mass ρ grows linearly with
time, as t, where  is a constant parameter, otherwise, if Pm  0 and there are nucleations inside
the cell, then ρ ∼ tα, where the new dynamic exponent α depends on probabilities Pm and Pa.
Using (2) we can write
α = z(2 − θ) . (3)
While in many aggregation processes [57, 54, 52] the total mass remains constant and θ has
the universal value of 2, in the growth of lipofuscin in RPE cells, the total mass ρ increases with
time whenever lipofuscin aggregates are formed. Therefore α > 0 and θ < 2. When Pm  0 and
nucleations are present in the cell, the number and size of clusters grow with time and thus their
probabilities of capturing diﬀusing particles increase. Then, dρ/dt increases with time and using
the scaling expression of ρ (see paragraph before equation (3)), we ﬁnd that α > 1 for Pm  0.
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Pm Pa α z z′ = α − z z′ θ = 2 − αz
10−1 10−4 2.22 1.55 0.67 0.75 0.57
10−2 10−3 1.51 1.17 0.34 0.35 0.71
10−2 10−4 2.59 1.78 0.81 0.88 0.55
10−2 10−5 2.40 1.60 0.80 0.82 0.50
10−3 10−4 1.51 1.07 0.44 0.49 0.59
10−3 10−5 2.57 1.70 0.87 0.90 0.49
4 × 10−3 10−6 3.30 2.30 1.0 1.0 0.56
Table 1: Values obtained for the exponents α, z, and z′ from the simulations for diﬀerent values of Pm and Pa (third,
fourth, and sixth columns, respectively). They are independent of the quantity of spent outer segment disks entering the
cell per unit of time, . The ﬁfth column is the value of z′ given by the diﬀerence of α and z [see (5)] and shows a good
agreement with the numerical estimates of the exponent (sixth column). In all cases, the exponent ξ is close to 1 [see
(1)].
It is possible to reach a limiting situation where all diﬀusing particles are captured by the
clusters and no material leaves the RPE. In this regime, the total mass of the clusters ρ would
be equal to t, α = 1 and ξ = 0 according to (2). The above argument connects the exponent α
associated with ρ with the quantity of material that leaves the cell and contribute to the formation
of drusen under the RPE: if α > 1 the drusen size grows with time, whereas if α = 1 waste
material are not deposited below the RPE.
We calculated the exponent α from the data shown in Fig. 6, which is a log-log plot of the
total area of the cell occupied by lipofuscin versus time. The best least-squares ﬁt to the data
(dashed line) at late times, where the data clearly scales as a power law, gives α = 3.30 (for
 = 10−3, Pa = 10−6, Pm = 4× 10−3). The regime where α = 1, which corresponds to the regime
where no material leaves the cell, is not reached in Fig. 6. In Table 1 we list the numerical
estimates of the exponent α obtained from simulations for diﬀerent values of Pm and Pa. Note
that α is independent of the quantity of spent outer segment disks entering the cell per unit of
time, . Excellent scaling plots of ρ were shown in [61] and it was clearly demonstrated that α
does not depend on .
The total number of lipofuscin aggregates in a cell, N =
∑
ns, is also expected to grow as a
power law in the asymptotic limit as N  tz′ . We can obtain a scaling relation between z′ and
other exponents using the scaling form for the cluster size distribution in the deﬁnition for N,
N =
∑
ns ∼
∫
dss−θξ f (s/S (t))
∼ ξS 1−θ ∫ dxx1−θ f (x) ∼ ξ(t)z(1−θ) . (4)
Substituting the value of θ from (3) we obtain
z′ = z(1 − θ) = α − z . (5)
Recall that the dynamic scaling exponents α and z are asociated with ρ and S , respectively.
Fig. 5 shows the growth of the mean cluster size S , for Pa = 10−6 and Pm = 4 × 10−3. The
best least-squares ﬁt to the data (dashed-line in Figure 5) gives z = 2.30. Similar results were
obtained for other values of parameters (see fourth column in Table 1).
Once z and α are estimated from simulations, θ and z′ can be obtained from (3) and (5). The
exponent z′ can also be estimated from simulations and then compared with (5). For example,
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Figure 7: Size distribution of clusters in log-log scale, for ﬁxed probabilities of aggregation and deposition Pa = 10−5
and Pm = 10−3, two diﬀerent values of entrance rate : 10−2sec−1 and 10−3sec−1, and various values of t: 1.25 × 104
(triangles down), 2.5×104 (circles), 5×104 (squares) and 7.5×104 (triangles up). The datas were obtained by averaging
over 100 samples. Solid lines are the best ﬁt to the data using the scaled exponential function (6).
from the slope of the solid straight line in the inset of Fig. 4, we ﬁnd z′ = 1.0, for  = 10−3,
Pa = 10−6 and Pm = 4 × 10−3. This result coincides with the diﬀerence of the exponents α and z
given by (5). Simulation results for z′ for various sets of parameters are listed in the sixth column
of Table 1. They are in good agreement with the results obtained using the scaling relation (5)
(see the ﬁfth column in the Table).
8. Scaling Form for the Cluster Size Distribution
Fig. 7 shows the cluster size distribution at diﬀerent times during the growth at ﬁxed values
of Pa and Pm and two diﬀerent values of . The solid lines are the best ﬁt to the data using a
properly scaled exponential function of the form,
ns = ae
−b sS , (6)
where a and b are constants that depend on values of the parameters. While expresion (6) is
phenomenological, it does capture the leveling oﬀ of the size distribution for small s and the
rapid exponential drop at large sizes.
Fig. 8 shows that the data shown in Fig. 7 collapse into a single universal scaling curve using
(1). The results shows that the scaling function f (x) goes to a constant for x  1 and f (x) → 0
exponentially, for x  1. We have obtained equally excellent scaling plots for other values of
Pa, Pm and . The scaling function (1) is expected to be valid in the aggregation regime for a low
enough total mass ρ of particles forming lipofuscin.
9. Discussion
In this paper, we investigated the early stage of age-related macular degeneration by study-
ing the growth and formation of lipofuscin clusters in the RPE and the deposition of residual
material under the RPE basement membrane in the Bruch’s membrane. The development of in-
tervention strategies will depend on an understanding of the early stages of the disease. In order
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Figure 8: The data of Fig. 7 for various times and parametrers of the model can be scaled into a single scaling curve
using (1). The exponent ξ = 1 and θ = 0.49, for Pa = 10−5 and Pm = 10−3 (see Table 1).
to contribute to this crucial step, we have introduced a simple physics-based model of cluster
aggregation and deposition for describing lipofuscin growth in diseased RPE cells and the con-
tribution of spent OS membranes to formation of basal linear deposit. In section 7, we compared
the predictions of our model with the experimental data for the changes in the number of lipo-
fuscin granules in eyes with aging (see Fig. 4). Our results agree with a linear growth of the
number of lipofuscin granules with age, up to 70 years. In the later stages, complications from
CNV and atrophy of RPE cells change the dynamic of the aggregation process. This is a subject
of our future investigations.
We have shown that the scaling description is an eﬀective method for describing the kinetics
of lipofuscin growth. Deposition of residual material is linked to growth of total mass of lipo-
fuscin where a saturation regime can be reached depending on the quantity of residual material
entering into the diseased RPE cell per unit of time and the probabilities of cluster-cluster ag-
gregation and deposition of spent OS disks. We found excellent scaling plots using the dynamic
scaling approach. We also found the cluster size distribution can be well approximated with an
exponential function that is properly scaled with the mean cluster size.
In summary, our model captures the essential physics of lipofuscin growth in the RPE and
deposition of phagocytosed and oxidized OS disks into Bruch’s membrane. An unusual property
of the model is that small particles may be removed while the larger ones become ﬁxed and grow
by aggregation.
Although in this work we studied the dynamics of cluster aggregation in two dimensions, we
would like to point out that a similar type of dynamics is expected in three dimensions.
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